Mycobacterium tuberculosis contains >20 enzymes that require activation by transfer of the 4-phosphopantetheine moiety of CoA onto a conserved serine residue, a posttranslational modification catalyzed by 4-phosphopantetheinyl transferases (PPTases). The modified proteins are involved in key metabolic processes such as cell envelope biogenesis and the production of virulence factors. We show that two PPTases conserved in all Mycobacterium spp. and in related genera activate two different subsets of proteins and are not functionally redundant. One enzyme, AcpS, activates the two fatty acid synthase systems of mycobacteria, whereas the other PPTase, PptT, acts on type-I polyketide synthases and nonribosomal peptide synthases, both of which are involved in the biosynthesis of virulence factors. We demonstrate that both PPTases are essential for Mycobacterium smegmatis viability and that PptT is required for the survival of Mycobacterium bovis bacillus Calmette-Gué rin. These enzymes are thus central to the biology of mycobacteria and for mycobacterial pathogenesis and represent promising targets for new antituberculosis drugs.
T
he cell envelope plays a major role in the physiology of Mycobacterium tuberculosis, the causative agent of tuberculosis in humans. This complex structure protects the bacterium against degradation by host enzymes and acts as an impermeable barrier against antibiotics and toxic molecules produced by the host. It also contains components that actively facilitate uptake of the bacterium and modulate host immune response (1) . The mycobacterial envelope has a very high lipid content and contains lipids with unusual structures, such as the mycolic acids (2) . These very long chain fatty acids are specific to suborder Corynebacterineae and are the major lipid constituents of the cell wall (1, 3) . They are key structural components of the cell envelope, and their biosynthesis pathway is targeted by isoniazid, one of the front-line antituberculosis drugs (4) . In M. tuberculosis and defined slow-growing mycobacteria, mycolic acidcontaining substances and a number of extractable lipids containing methyl-branched fatty acids such as phthiocerol dimycocerosates (DIM) and phenolic glycolipid (PGL-tb) are known to contribute to their pathogenicity (5, 6, 7) .
The genome of M. tuberculosis encodes Ͼ18 type-I polyketide synthases (Pks) and two fatty acid synthase (Fas) systems (8) . These enzymes endow M. tuberculosis with its unique ability to produce an impressive variety of lipids of unusual structure. For instance, mycolate production requires two Fas systems and one Pks, and the biosynthesis of DIM and PGL-tb requires Fas-I and seven Pks (9, 10) . The acyl carrier protein (ACP) domains of Fas and Pks are only functional if converted from their inactive apo-forms to their functional holo-forms by the covalent attachment of a 4Ј-phosphopantetheine (P-pant) group to the hydroxyl group of an invariant serine residue (11, 12) . This feature is shared by another class of enzymes, the nonribosomal peptide synthases (NRPS), which are involved in the production of siderophores in M. tuberculosis (13) . This posttranslational modification is catalyzed by 4Ј-phosphopantetheinyl transferases (PPTases), which transfer the P-pant group from CoA to the ACP (14) . Two genes encoding PPTases, acpS and pptT, were identified in the genome of M. tuberculosis H37Rv (8, 15) . However, the role of each PPTase and the putative redundancy of these proteins had not been investigated in mycobacteria. In particular, despite the importance of the Fas-I system and type-I Pks for the biology of M. tuberculosis, no data concerning the posttranslational modification of these enzymes have been reported in mycobacteria. These issues are crucial to understanding lipid biosynthesis in M. tuberculosis.
In this article, we report that orthologs of the two M. tuberculosis PPTases are found in other Corynebacterineae species. We demonstrate that both PPTases are essential for mycobacterial viability and exhibit identical functions in mycobacteria and corynebacteria: AcpS is responsible for the posttranslational modification of Fas-I, whereas PptT activates the condensing enzyme Pks13 and the various type-I Pks required for the formation of lipid virulence factors in M. tuberculosis. These results allowed us to present a model for the lipid metabolism in M. tuberculosis.
Results

Mycobacteria and Corynebacteria Contain Two Conserved PPTases.
Two genes encoding PPTases have been identified in the genome of M. tuberculosis H37Rv: Rv2523c, also called acpS because the encoded 130-aa protein displays similarity to holo-ACP synthases (AcpS) proteins from various bacteria, and Rv2794c, which encodes a 227-aa PPTase, named PptT, involved in the mycobactin biosynthesis (8, 15) . Based on sequence similarities and conservation of amino acids motifs, PptT appeared to be related to Sfp from Bacillus subtilis (16) . We tried to identify additional PPTase genes by searching the M. tuberculosis H37Rv genome with conserved PPTase motifs as probes (17) . We identified no new gene, suggesting that M. tuberculosis contains just two PPTases, responsible for activating at least 20 protein substrates.
We then investigated whether these two PPTase genes were conserved in other mycobacterial species and in closely related corynebacterial species. In all of the genomes analyzed (including eight mycobacterial species and three corynebacterial species), we found orthologs of acpS and pptT. The amino acid sequences of the encoded proteins were Ͼ80% similar for the mycobacterial proteins, with Ϸ40% similarity between corynebacterial proteins and their M. tuberculosis counterparts. These bioinformatic analyses showed that the related mycobacterial and corynebacterial species contain only two highly conserved PPTases with different catalytic properties.
AcpS and PptT Are Essential for the Viability of Mycobacterium
smegmatis. Mycobacteria contain many proteins that require activation to become functional: two Fas systems, at least 3 NRPS and 18 type-I Pks in M. tuberculosis. Several of these proteins are involved in biological processes essential for mycobacterial viability. We therefore first investigated whether either of the PPTase genes could be disrupted in the model mycobacterial strain M. smegmatis. Two nonreplicative plasmids carrying the counterselectable marker sacB and a disrupted allele of either acpS or pptT from M. smegmatis were constructed and inserted into the chromosome by single crossover, generating strains PMM68 and PMM70, respectively (see Fig. 6 , which is published as supporting information on the PNAS web site). The plating of PMM68 or PMM70 on medium containing 5% sucrose and kanamycin (Km) did not lead to selection of a second recombination event, suggesting that both acpS and pptT are essential for mycobacterial viability. We produced two conditional M. smegmatis mutants to confirm the essential nature of these genes. PMM68 cells were transformed with pC-acpSms, a thermosensitive mycobacterial vector carrying an intact copy of the acpS gene. Selection on sucrose-containing LB agar at 30°C resulted in colonies in which the second recombination event between the two chromosomal alleles had occurred. One clone, PMM77 (⌬acpS:pC-acpSms), containing a disrupted acpS::km gene on the chromosome and a functional acpS gene in the thermosensitive plasmid pC-acpSms, was chosen for further work (see Fig. 6 ). The same strategy was used to generate PMM78 (⌬pptT:pC-pptTms), a recombinant strain harboring a mutated pptT::km chromosomal gene and an intact pptT allele in the thermosensitive plasmid pC-pptTms (see Fig. 6 ).
We investigated the function in mycobacterial growth of the AcpS and PptT proteins by streaking the recombinant strains PMM77, PMM78, and the WT strain of M. smegmatis, grown at 30°C, on LB agar plates. At 30°C, PMM77 and PMM78 grew as well as the WT. In contrast to the WT, however, neither of the recombinant strains grew at 42°C, a nonpermissive temperature for plasmid replication (Fig. 1) . Thus, AcpS and PptT are not redundant and are clearly required for the survival of M. smegmatis, activating proteins involved in essential biosynthesis pathways.
Corynebacterium glutamicum ⌬pptT and ⌬acpS Mutants Display Different Microbiological Phenotypes. The synthesis of fatty acids and mycolic acids are known to be essential for the growth of M. smegmatis in laboratory conditions. We therefore hypothesized that the PptT and AcpS PPTases were involved in at least one of these metabolic pathways. We investigated the roles of AcpS and PptT in fatty acid and mycolic acid biosynthesis in C. glutamicum, another model bacterium more tolerant than mycobacterial strains to mutation in genes involved in mycolate metabolism (9) . This species has a cell envelope very similar to that of mycobacteria but produces a mixture of saturated and unsaturated corynomycolic acids, typically containing 30 to 36 carbons (3) .
We investigated the roles of the two PPTases by knocking out the acpS and pptT genes in C. glutamicum, replacing the WT alleles with the corresponding Km-disrupted genes. On BHI agar plates, the ⌬pptT mutant produced small, rough colonies rather than large, shiny colonies, as observed for the WT. This mutant also grew much slower than the WT in liquid medium, with high levels of cell aggregation, whereas WT cells were well dispersed in the same conditions (data not shown). These phenotypic changes were similar to those observed for the C. glutamicum ⌬pks13 mutant, which lacks an enzyme essential for the production of corynomycolates (9) suggesting cell envelope modifications consistent with an absence of mycolate production. Complete reversion of these phenotypic modifications was observed after transformation of the mutant with pCGL-pptTcg, which contains a functional copy of pptT from C. glutamicum. The observed phenotype of the mutant strain was therefore clearly due to deletion of the pptT gene.
The same strategy gave ⌬acpS mutants only if the growth medium was supplemented with fatty acids. Phenotypic analysis confirmed that these C. glutamicum ⌬acpS mutants were unable to grow on solid or liquid BHI medium unless sodium oleate and Tween 40 were added. Under these conditions, no phenotypic differences were observed between the WT and ⌬acpS recombinant strains (data not shown). This auxotrophy for oleic acid suggests that the disruption of acpS in C. glutamicum affects fatty acid biosynthesis. This phenotype was fully reversed to WT after transfer of pCGL-acpScg, a corynebacterial plasmid carrying a functional acpS gene.
The AcpS and PptT PPTases Are Involved in Fatty Acid and Mycolic Acid
Biosynthesis, Respectively, in C. glutamicum. C. glutamicum WT, the ⌬acpS and ⌬pptT mutants, and the complemented ⌬acpS:pCGLacpScg and ⌬pptT:pCGL-pptTcg strains were grown to exponential growth phase and fatty acids were released from bacteria by saponification of whole cells. TLC showed that the ⌬acpS mutant synthesized corynomycolates in similar amounts to the WT and the complemented strain ( Fig. 2A) . The ⌬acpS mutant was found to contain large amounts of C 16 and C 18:1 fatty acids, the precursors of corynomycolates (Fig. 2B ). Because this mutant was auxotrophic for fatty acids, these lipids probably originated from the oleic acid and Tween 40 added to the medium. Unlike the WT (Fig. 2B ) and complemented strains (data not shown), which synthesized various forms of corynomycolates, the ⌬acpS mutant strain produced only one detectable corynomycolic acid derivative (Fig. 2B ) that was characterized by GC-MS as a C 36:2 corynomycolate (see Fig. 7 , which is published as supporting information on the PNAS web site), indicating that the mutant was able to condense two C 18:1 fatty acids originated from the exogenous oleic acid. The absence of C 32 and C 34 corynomycolates from the cell envelope probably resulted from the large amounts of oleate in the growth medium (18) . Unlike mycobacteria, which possess two fatty acid synthase systems (Fas-I and Fas-II), C. glutamicum has two Fas-I proteins (Fas-IA and Fas-IB) but lacks the Fas-II system. Fas-IA is essential for growth, whereas Fas-IB is not (18) . The effect on fatty acid biosynthesis of disrupting acpS in C. glutamicum demonstrates that the Fas-IA enzyme is inactive in the ⌬acpS mutant, strongly suggesting that AcpS is responsible for the 4Ј-phosphopantetheinylation of this enzyme. These findings are consistent with previous results showing that AcpS specifically activates the two Fas-I proteins in Brevibacteruim ammoniagenes, another corynebacterial species (19) . Moreover, the ability of the recombinant strain to sustain corynomycolate synthesis in the presence of exogenous fatty acids implies that the AcpS PPTase is not required for posttranslational modification of the condensing enzyme Pks13.
We then investigated whether the phenotypic changes observed with the ⌬pptT mutant reflected cell wall modifications. TLC and GC revealed that disruption of pptT in C. glutamicum abolished the production of corynomycolates ( Fig. 2 A and B) . As expected, complementation of the mutation by reintroduction of a WT allele fully restored the production of all classes of corynomycolates (C 32 , C 34:1 , and C 36:2 ) (data not shown). The ⌬pptT mutant also produced large amounts of C 16 and C 18:1 fatty acids (Fig. 2B) , indicating that PptT is not involved in posttranslational modification of the Fas-IA enzyme. The inability of the mutant strain to synthesize mycolic acids from fatty acids suggests that PptT is involved in activation of the condensing enzyme Pks13.
Biochemical Characterization of the 4-Phosphopantetheinylation of
Pks13 and Fas-I in C. glutamicum. Phenotypic and biochemical analyses of the two C. glutamicum mutants provided indirect evidence that AcpS and PptT display different functions, the former being involved in the Fas-I activation and the latter in the modification of Pks13. We investigated the specificity of the two PPTases by labeling the P-pant arm and visualizing its transfer onto the various protein substrates. This experiment was based on the generation in bacteria of a pool of CoA harboring a 14 C-radiolabeled 4Ј-phosphopantetheine prosthetic group. This pool could then serve as a substrate for the two PPTases, for the specific labeling of 4Ј-phosphopantetheinylated proteins.
The C. glutamicum WT strain was cultured in the presence of ␤-[␤-
14 C]alanine, a precursor of CoA. Two protein bands were labeled, with apparent molecular weights of 170 and Ͼ220 (Fig.  3A Upper) . The identity of the smaller protein was established based on the lack of labeling of the band in a ⌬pks13 mutant. A search in the genomic database of C. glutamicum ATCC13032 for the presence of large proteins that must be converted by the covalent attachment of the P-pant group revealed Fas-IA and Fas-IB (molecular weight, 315 and 317) as the only candidates. We therefore concluded that the larger of the two protein bands corresponded to the Fas-I enzymes.
When the same experiment was performed with the ⌬pptT strain, Pks13 was produced but not labeled, in contrast to the Fas-I enzymes, which were still activated (Fig. 3A) . When experiments were performed with the ⌬acpS mutant, the opposite labeling pattern was observed: Pks13 was labeled but Fas-I enzymes were not (Fig. 3A Upper) . These experiments established the repertoire of protein substrates for the two PPTases of C. glutamicum. AcpS and PptT have strict substrate specificity for the Fas-I enzymes and Pks13, respectively.
AcpS and PptT Can Perform the Same Catalytic Reactions in Myco-
bacteria and Corynebacteria. The experiments described above established the function of each PPTase in corynebacterial cells. We investigated whether these proteins had similar functions in mycobacteria by testing whether the disruption of either the pptT or the acpS gene in M. smegmatis could be complemented by expression of the corresponding ortholog from C. glutamicum. We performed this experiment by constructing two mycobacterial temperature-sensitive plasmids, pC-acpScg and pC-pptTcg, harboring the acpS and pptT genes of C. glutamicum, respectively. We introduced pC-acpScg into M. smegmatis PMM68, which is merodiploid for the acpS gene, and pC-pptTcg into M. smegmatis PMM70, which is merodiploid for the pptT gene. Several transformants were plated on solid medium containing sucrose to induce the second recombination event between the two chromosomal alleles at either the pptT or the acpS locus. Two clones, named PMM84 (⌬acpS:pC-acpScg) and PMM85 (⌬pptT: pC-pptTcg) were selected for further analyses. PMM84 and PMM85 had a phenotype identical to that obtained with mutants PMM77 (⌬acpS:pC-acpSms) and PMM78 (⌬pptT:pC-pptTms), which produced the AcpS and PptT proteins of M. smegmatis, respectively. Both mutant strains grew normally on LB agar plates at 30°C but neither grew at 42°C (see Fig. 8 , which is published as supporting information on the PNAS web site). Thus, the PPTases of C. glutamicum recognize and posttranslationally modify the same essential proteins in M. smegmatis as their mycobacterial orthologs. Similar cross-complementation was observed when the M. smegmatis PptT protein was produced in the C. glutamicum ⌬pptT mutant. Fatty acid analysis by TLC and GC, after the saponification of whole cells, revealed that corynomycolate production had been restored to WT levels in the resulting strain ( Fig. 2 A and B) . Thus, the M. smegmatis PptT was able to activate the Pks13 of C. glutamicum, suggesting that this protein performs the same catalytic reaction in M. smegmatis. These cross-complementation experiments showed that PptT and AcpS PPTases have similar functions in the biosynthesis of fatty acids, including mycolic acids, in mycobacteria and corynebacteria.
PptT Catalyzes the 4-Phosphopantetheinylation of M. tuberculosis
Type-I Pks. We demonstrated that PptT specifically catalyzes the posttranslational modification of Pks13 in corynebacteria and mycobacteria. This protein is the only type-I Pks encoded by the corynebacterial genome. However, the repertoire of type-I Pks is much larger in mycobacteria. These additional proteins are involved in the formation of extractable lipids, such as DIM or PGL-tb in M. tuberculosis, which are key virulence factors. This observation led us to investigate the possible involvement of PptT in the activation of other type-I Pks in M. tuberculosis.
Accordingly, various M. tuberculosis Pks were coproduced in Escherichia coli together with the PptT of M. tuberculosis, and we investigated the activation of these proteins by radiolabeling with ␤-[␤-
14 C]alanine. Because preliminary experiments showed that E. coli PPTase EntD partially activated some M. tuberculosis Pks (unpublished data), we constructed an E. coli BL21(DE3)entDdisrupted strain by allelic exchange and carried out the same experiments in the new strain. We focused on Pks13 initially, a protein we already identified as a substrate of PptT. Pks13 was labeled in E. coli cells coproducing Pks13 and PptT from M. tuberculosis but not in cells producing Pks13 alone (Fig. 3B  Upper) . We checked the specificity of Pks13 labeling, using pWM35␥, a derivative of pWM35 encoding a mutant of the Pks13 protein in which the two serine residues (S55 and S1266) responsible for attachment of the P-pant moiety of CoA within the N-and C-terminal ACP domains of Pks13 have been replaced by alanine residues. When this mutant protein was coproduced with PptT in E. coli BL21⌬entD, we observed no radiolabeling in our assay, indicating that the signal obtained with Pks13 resulted specifically from attachment of the P-pant moiety of CoA to the catalytic serine residues of Pks13 (Fig. 3B) . These experiments provided direct evidence that Pks13 is a substrate of PptT in M. tuberculosis.
We then investigated the activation of other type-I Pks by PptT. Five different type-I Pks (Mas and PpsA-D) were independently coproduced with PptT in E. coli BL21⌬entD, and in all cases, transfer of the radiolabeled P-pant was detected (Fig. 3C  Upper) . The signals were weak but were reproducibly detected. The labeled proteins were identified by Western blot analysis using an antibody raised against the poly-His tag fused to the C terminus of each protein (see Fig. 9 , which is published as supporting information on the PNAS web site). In contrast, none of these Pks was labeled in E. coli strains lacking PptT. This absence of detectable activation was not due to low levels of protein production because Coomassie blue staining of the gel (Fig. 3C Lower) and Western blot analysis (see Fig. 9 ) demonstrated that type-I Pks were produced in large amounts in the absence of PptT.
We can therefore conclude that PptT catalyzes not only the activation of Pks13 in M. tuberculosis but also the modification of other type-I Pks involved in the biosynthesis of lipids required for virulence. We cannot formally rule out the possibility that these Pks are also substrates of AcpS, but the lack of redundancy of the two PPTases suggests that this is not the case.
PptT Is Essential for the Viability of M. bovis Bacillus Calmette-Gué rin.
Given the proposed central role of PptT for the formation of lipids specific to the M. tuberculosis complex, we tested whether pptT is required for survival of one of these strains. We generated a conditional ⌬pptT knockout mutant in M. bovis bacillus Calmette-Guérin using the TetR-controlled gene expression system described in ref. 20 . This recombinant strain, named PMM99 (⌬pptT:pC-pptTmb), contains a disrupted pptT gene on the chromosome and a complementation plasmid harboring both a functional pptT gene from M. bovis bacillus CalmetteGuérin under the control of the p myc1 tetO promoter and tetR, which encodes the transcriptional repressor TetR (see Fig. 10 , which is published as supporting information on the PNAS web site). When the recombinant strain is cultivated in the presence of anhydrotetracycline (ATc), TetR binds ATc and p myc1 tetO mediates pptT expression. In contrast, in the absence of ATc, TetR tightly binds to the tet operators in p myc1 tetO and prevents transcription of pptT (20) .
Both M. bovis bacillus Calmette-Guérin WT and the PMM99 mutant strains grew well on ATc containing plates, but we observed growth inhibition of PMM99 on plates lacking ATc in contrast to the WT (Fig. 4) . Therefore, expression of pptT is required to sustain M. bovis bacillus Calmette-Guérin growth demonstrating (i) that pptT is essential for the viability of strains of the M. tuberculosis complex and (ii) that the lack of PptT cannot be complemented by the endogenous AcpS.
Discussion
Given the crucial role of cell envelope lipids in the biology of M. tuberculosis, tremendous efforts have been made in recent years to decipher the cellular processes leading to the production and translocation of these components. These studies have suggested that the unique lipids found in mycobacteria are synthesized by the combined action of Fas systems and type-I Pks. We investigated the role of two PPTases in the posttranslational modification of these biosynthetic enzymes. We provide direct evidence that each PPTase activates a defined subset of protein substrates in mycobacteria and corynebacteria and that both enzymes are essential for mycobacterial viability. These results provide insight into lipid metabolism in mycobacteria and related bacteria and demonstrate the key role played by the two PPTases in the biology of these microorganisms. Our conclusions are in contrast to the prediction of Sassetti et al. (21) concerning the essentiality of acpS in mycobacteria. However, their proposal was based on a statistical analysis of insertions in a transposon mutant library and recent studies have shown that some genes may be missed by using their method (22, 23) .
We propose a model of lipid metabolism in mycobacteria in which AcpS is dedicated to the posttranslational modification of Fas-I and the AcpM subunit of Fas-II, whereas PptT activates the numerous type-I Pks and NRPS of M. tuberculosis (Fig. 5) . This model also applies to Corynebacterium spp. except that these bacteria contain fewer proteins requiring modification. This model is supported by several lines of evidence. Our results clearly demonstrate that the two mycobacterial or corynebacterial PPTases are not redundant and have different substrate repertoires. Indeed, the two mycobacterial PPTases were found to be independently essential for mycobacterial viability. A C. glutamicum mutant lacking acpS displayed fatty acid auxotrophy and no Fas-I activation but was able to produce mycolic acids and to activate Pks13. In contrast, pptT deletion in C. glutamicum abolished mycolic acids synthesis and Pks13 activation but had no effect on C 16 -C 18 fatty acids production and Fas-I modification. These data demonstrate that Pks13 is a substrate of PptT and confirm the role of AcpS in Fas-I activation, as shown in B. ammoniagenes (19) . We also found that five other type-I Pks from M. tuberculosis, differing in size and domain structure, were also activated by PptT, strongly supporting a model in which all type-I Pks in M. tuberculosis are activated by PptT. Consistent with this major role for the lipid metabolism and the nonredundancy of the two PPTases, we demonstrated directly that pptT is essential for the viability of a M. tuberculosis complex strain. A study has shown that, in vitro, PptT 4Ј-phosphopantetheinylates MbtB and MbtE, two NRPS involved in mycobactin assembly (15) . The activation of two other proteins encoded by the mycobactin gene cluster, MbtF, a peptide synthase and MbtD, a polyketide synthase, remains speculative due to the lack of experimental data, but it can be inferred from our results and those of Quadri et al. (15) that both proteins are also activated by PptT. Finally, AcpM can be activated by the AcpS of E. coli both in vitro and in vivo, consistent with this protein being a substrate of AcpS in mycobacteria (24, 25) . Thus, all previous results and the results of this study are consistent with our model.
Our results also have important implications for our understanding of the biology of mycobacteria and particularly of M. tuberculosis, which contains Ͼ20 proteins requiring 4Ј-phosphopantetheinylation. We defined the substrate repertoire of each PPTase and showed that both enzymes are required for the formation of components essential for mycobacterial viability. Fas-I, which is activated by AcpS, catalyzes the synthesis of C 16 -C 18 fatty acids, which are incorporated into the various lipid constituents of the plasma membrane. The synthesis of fatty acids by Fas-I is also one of the first steps of the complex biosynthesis pathway leading to the formation of mycolates. This pathway includes two other proteins: AcpM (a subunit of the Fas-II system) and Pks13, activated by AcpS and PptT, respectively. Both mycobacterial PPTases are therefore required for mycolate formation and, consequently, are essential for mycobacterial viability. Both enzymes are also required for the production of major virulence factors. The enzymes MbtB and MbtD-F, which are activated by PptT, are involved in assembly of the mycobactin siderophores required for growth within human macrophages (26) . Similarly, Fas-I and seven type-I Pks, activated by AcpS and PptT, respectively, are involved in the formation of DIM and PGL-tb, two complex lipids produced by a very limited number of mycobacterial species and serving as major virulence factors in M. tuberculosis (7, 27) .
In conclusion, the two PPTases characterized in this study are essential for the viability and pathogenesis of M. tuberculosis and probably for other mycobacteria that include major pathogens such as Mycobacterium leprae, Mycobacterium ulcerans, and Mycobacterium avium, all of which have orthologs of AcpS and PptT and produce mycolates and lipid virulence factors. The two mycobacterial PPTases should therefore be considered as very promising targets for the development of drugs for treating mycobacterial infections. C. glutamicum was cultured to exponential growth phase, and fatty acids were prepared from cells and separated by analytical TLC, as described in ref. 28 . For GC and GC-MS analyses, trimethylsilyl derivatives of fatty acids were obtained and analyzed, as described in ref. 29 .
Materials and Methods
Labeling of 4-Phosphopantetheinylated Proteins in C. glutamicum.
The C. glutamicum WT, ⌬pptT, ⌬pks13, and ⌬acpS strains were grown to exponential growth phase in 5 ml of CGXII minimal medium (30) supplemented with either 0.05% Tween 80 (for WT, ⌬pptT, and ⌬pks13) or 0.03% Tween 40 and 0.03% sodium oleate (for ⌬acpS) at 30°C. We then added 5 l of ␤-[␤-14 C]alanine (49 mCi͞mmol; Sigma) and incubated the cells for an additional 12 h. Bacteria were harvested by centrifugation, washed twice with PBS, and disrupted by agitation for 3 min in a Mini BeadBeater (Biospec Products, Bartlesville, OK). Cell extracts were centrifuged at 13,400 ϫ g for 10 min at 4°C, and supernatant proteins were subjected to SDS͞PAGE. The polyacrylamide gel was stained with Coomassie blue and dried, and the radiolabeled proteins were detected by placing the dried gel against Kodak x-ray film.
Labeling of the Recombinant Mycobacterial Pks in E. coli. Expression vectors pWM35, pWM35␥, pETMas, pETA, pETB, pETC, and pETD were introduced, together with either pLSfp or pLSfp⌬, into E. coli BL21⌬entD. Each strain was grown in 5 ml of M9 medium supplemented with Km and chloramphenicol at 30°C. When optical density at 600 nm reached 0.5, we added 5 l of 1 M isopropyl-␤-D-thiogalactopyranoside and 5 l of ␤-[␤-14 C]alanine to the culture and continued the incubation for an additional 4 h at 30°C. We then centrifuged 1 ml of culture, washed the cells with 1 ml of 50 mM Tris⅐HCl, pH 8.0, and resuspended them in 100 l of 50 mM Tris⅐HCl, pH 8.0, containing 0.1% Triton X-100. For labeling analysis, 10 l of cell suspension was incubated with 10 l of 2ϫ denaturing buffer at 95°C for 5 min, and proteins were then separated by SDS͞PAGE. After electrophoresis, polyacrylamide gels were either stained with Coomassie blue before drying and autoradiography or proteins were electrophoretically transferred to nitrocellulose membranes (Gelman) and analyzed by Western blotting analysis with an enhanced cheluminescence detection system (Amersham Pharmacia) by using an anti-poly-His antibody (1͞2,000; Sigma) and an anti-mouse peroxidase conjugate (1͞10,000; Sigma).
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